ABSTRACT The development of marine petroleum exploitation becomes an important part of marine economy development gradually. Ocean bottom flying node (OBFN) is a kind of autonomous underwater vehicle which can explore marine petroleum and natural gas in large-scale deployment. This paper investigates the prescribed performance fault-tolerant trajectory tracking control method for an OBFN in presence of modeling uncertainties, ocean current disturbances, and thruster faults. By using a new performance function and an error transformation scheme, the proposed controller is able to achieve the desired tracking performance and the maximum convergence time is known as a priori. A disturbance observer is designed to deal with the influence of the modeling uncertainties, ocean disturbances, and thruster faults. The stability of the closed-loop OBFN system is proved by using Lyapunov theory. Finally, simulation results under different types of thruster faults illustrate the effectiveness of the proposed disturbance-observer-based prescribed performance fault-tolerant trajectory tracking controller.
I. INTRODUCTION
With the development of new materials, new energy, and automatic control fields, autonomous underwater vehicles (AUVs) tend to be modularized, multifunctional and high reliable, and can find many ocean applications [1] , such as seabed pipe service, marine environment parameter data acquiring, and oil resource exploration [2] - [5] . Ocean bottom flying node (OBFN) is a product combining ocean bottom node (OBN) with AUV. It can cruise to a designated location in deep water and remain stable at the seafloor to get long term seismic data. Without the assistance of remotely operated vehicles (ROVs) during the deployment and recovery process, it would provide dramatic time and cost savings for ocean bottom seismic operations. Thus the OBFN retains all the advantages of OBN systems, while at the same time, is much more flexible and maneuverable than traditional OBNs. The OBFN system is a new research focus in the oil resource
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exploration at the ocean bottom [6] , [7] . To satisfy the requirement of oil resource exploration, thousands of the OBFNs are able to track different predefined trajectories arriving at target points in a small ocean area, respectively, which is concerned with various control fields, such as adaptive control, neural network control, and sliding model control [8] , [9] . Therefore, the OBFN needs to not only converge to the predefined trajectory, but also keep itself from the seabed or others in large-scale deployments.
Modeling uncertainties and ocean current disturbances are common factors which influence the effect of ocean vehicles controllers and should be taken into account in the controller design [10] , [11] . Reference [12] proposed a cascaded dynamic trajectory tracking controller for AUVs based on a model predictive control method and sliding-mode control method, which solved problems of modeling uncertainties and external disturbances. References [13] and [14] introduced a sliding-mode control method to deal with the modeling uncertainties and disturbances. References [15] and [16] designed the neural network controller to compensate for the unknown dynamics and external disturbances. Reference [17] proposed a second-order sliding-mode control strategy which is comprised of an equivalent controller and a switching controller to suppress the parametric uncertainties and external disturbances. Reference [18] presented a multivariable output feedback adaptive nonsingular terminal sliding-mode control method which did not require the bound information of parametric uncertainties or external disturbances. Besides, the undesired chattering can be reduced effectively. Reference [19] established an adaptive PID controller by using a recursive extended least square algorithm to adapt model parameters of the AUV online. The desirable trajectory tracking performance can be achieved in the presence of ocean current or modeling uncertainties.
For trajectory tracking of AUVs in the presence of disturbances and uncertainties, various control strategies are proposed and satisfactory performance can be achieved. However, the above methods depend on a fault-free assumption. Due to the complexity of the ocean environment, the AUV may break down in an operational process. The thruster fault is a common problem for the AUV. Especially, for the large-scale deployment of OBFNs, the thruster fault is worth considering. References [20] and [21] designed respectively the second-order sliding-mode observer and neural network to approximate the influence of the system uncertainties including thruster faults, modeling uncertainties, and external disturbances. Reference [22] constructed a type of piecewise and differential Lyapunov function to achieve fault-tolerant region tracking control based on a backstepping technique, and an adaptive method is utilized to estimate the unknown coefficients of the system uncertainties. Reference [23] proposed a fault-tolerant controller for AUVs with thruster faults and an adaptive strategy is used to estimate the upper bounds of the system uncertainties.
For the specific tasks of the OBFN, such as landing on the seabed, high accuracy trajectory tracking, and large-scale deployments, the controller design should not only consider the influence of disturbances and thruster faults, but also limit the overshoot to avoid collisions. Although the trajectory tracking control of AUVs can be realized in the presence of disturbances, the trajectory tracking precision depends on the capabilities of controllers or selections of control gains. Bechlioulis and Rovithakis proposed a prescribed performance control scheme which transforms the constrained system into an equivalent unconstrained system for obtaining the prescribed performance including rate of convergence, tracking error, and overshoot [24] . The prescribed performance control method has been applied in a variety of nonlinear systems, such as half-car active suspension systems [25] , air-breathing hypersonic vehicles [26] , [27] , unmanned surface vessels [28] , and underactuated underwater vehicles [29] , [30] .
However, traditional prescribed performance method uses a kind of exponential form performance function. The performance function related to the actual convergent rate is difficult to establish. Furthermore, at the initial time, the convergence speed cannot be reduced to avoid large control input by using the traditional performance function. To overcome the drawbacks of the current performance function, a novel performance function is introduced such that the desired convergence time and speed of the error system can be set by choosing proper parameters. In this paper, a trajectory tracking controller is proposed for an OBFN based on a new prescribed performance method. By using a novel performance function and corresponding error transformation, a desired transient and steady response for trajectory tracking can be achieved. The disturbances, uncertainties and thruster faults are treated as total uncertainties, and an observer is introduced to estimate them. The simulation results show that the proposed method is able to achieve accurate trajectory tracking in the presence of unknown uncertainties and disturbances. Compared with the existing works, the main contributions of this paper are as follows:
First, it is the first trial to apply the prescribed performance technique to the trajectory tracking control of an OBFN such that a high tracking precision can be achieved and the convergent process is predefined and known as a priori.
Second, to overcome the drawbacks in traditional prescribed performance technique using an exponential performance function, a novel performance function is introduced such that the convergent speed of the tracking error can be set and the convergent time is known based on the design parameters.
Third, in contrast to the trajectory tracking control of AUVs in [31] - [34] where the disturbances, uncertainties, and thruster faults are considered not fully or separately, the three factors are regarded as total uncertainties and an observer is designed to estimate them. As a result, the proposed controller can be more concise and easier to implement in practice.
The remainder of this paper is organized as follows: The dynamic model of OBFN dynamic is given in Section 2. Section 3 presents the prescribed performance control algorithm and the corresponding error transformation process, and especially introduces the construction and proof of the proposed novel performance function. Section 4 presents the design process of the disturbance observer and prescribed performance controller. Section 5 provides the simulation results in different cases to verify the proposed method. Conclusions are summarized in Section 6.
II. CONCEPTS AND DYNAMIC MODEL OF OBFN
Since the ocean bottom oil exploration needs thousands of OBFNs to be deployed onto the seafloor, the designed OBFN is required to be low-cost, compact size, and high reliability. Therefore, the OBFN is presented as Fig. 1 . The operation process of OBFNs is shown in Fig. 2 . After the supporting ship arrives at the target exploration location, the OBFNs are detached from the launch retrieval apparatus, then they can track the designated trajectories and arrive at the desired target locations. Similar to a six degrees-of-freedom model for AUVs, a dynamic model of OBFN is described as follows [34] :
where M is the OBFN inertia matrix, including added mass. η = [x, y, z, φ, θ, ψ] T denotes the OBFN position and attitude vector in the inertial frame. The parameters φ, θ , and ψ denote roll, pitch, and yaw, respectively.
T is the velocity vector in the bodyfixed frame. J is the transformation matrix between the inertial frame and the body-fixed frame. C v is the coriolis and centripetal matrix. D v denotes the damping matrix. g η is the vector of gravitational/buoyancy forces and moments. τ is the vector of control forces and moments. Thruster is not only an important part of OBFN but also the source of fault. In this study, we only consider the thruster with partial loss of effectiveness factor. The influence of thruster faults can be represented with thrust allocation matrix which is denoted by B. Thus the real control force/moment can be rewritten as τ + τ [19] 
where B 0 denotes the nominal value of the thrust allocation matrix, and u is the vector of the control input. K is a diagonal matrix, and its element k ii ∈ [0, 1] denotes the level of the corresponding thruster fault. Therefore, (2) can be transformed asv
where subscript '0' represents the nominal value of the corresponding variable. F denotes the system uncertainty expressed as
where C Aη η r + D η η r denotes the influence of ocean disturbances, and represents the uncertainty. Those disturbance factors can be compounded and act on the dynamic model of the OBFN system together with the control force. Therefore, those factors have the same effect on the OBFN system.
The control objective of this paper is to design a prescribed performance control law τ for ensuring a desired transient and steady response of the tracking error e = η − η d , in the presence of disturbances, uncertainties, and thruster faults.
The following assumption is made. Assumption 1: The first and second derivatives of the desired position and attitude vector η d are known bounded functions.
III. PRESCRIBED PERFORMANCE CONTROL METHOD A. PERFORMANCE FUNCTION
In order to achieve the desired control objective, we introduce the performance function as prescribed performance bound. The definition of the performance function is given as follows.
Definition 1 [24] : For a smooth function ρ (t): R + → R, it is called a performance function if (1) ρ (t) is a monotonic decreasing and positive function.
(2) lim t→∞ ρ (t) = ρ ∞ > 0. The traditional performance function is usually designed as an exponential form.
where ρ 0 , ρ ∞ and k are preset positive constants. The tracking error by using the performance function can be rewritten as follow
where e i (t) , i = 1, 2, 3, 4, 5, 6 is a trajectory tracking error, and 0 ≤ δ i ≤ 1. The i th trajectory tracking error e i (t) is expected to satisfy the constraints from the performance function (6) . Based on the performance function (6) and (7), if the initial value of tracking error satisfies the condition 0 ≤ e i (0) ≤ ρ i (0), then the parameters k and ρ ∞ limit minimum convergence rate of tracking error and upper bound of steady-state error, respectively. Furthermore, the overshoot of system response is no more than δ i ρ i (t). Therefore, we can design suitable performance function ρ i (t) and parameter δ i to achieve desired objective. It is obvious that the convergence rate of the traditional performance function depends on the exponential term e −kt . However, it is difficult to establish an explicit mathematical relationship between the parameter k and the convergence rate. In addition, the selection rule of the parameter k is unclear. Motivated by the above discussions, a novel performance function is proposed as follows
where a 1 , a 2 , a 3 , and a 4 are design parameters. The definition of parameters k and ρ tf = ρ ∞ are similar to traditional performance function (6) . The preset parameter t f denotes the assignable terminal time at which the function (8) reaches ρ ∞ . In this paper, we can design (8) according to definition 1 in two steps.
Step 1: We need calculate parameters a 1 , a 2 , a 3 , and a 4 by performing the following restricted conditions.
The initial and terminal conditions of the novel performance function (8) are the same with those of the traditional function (6), and they can be expressed as ρ(0) = ρ 0 and ρ(t f ) = ρ tf . Additionally, the first and second derivatives of ρ(t) are continuous functions. This means that lim t→t
Substitute above initial conditions into the novel performance function ρ(t) = a 1 + a 2 sin
Thus we can solve the four unknown coefficients a 1 , a 2 , a 3 , and a 4 , based on the above conditions. Let a 0 = 2t f k/π , we have
Noting that a 0 = 2t f k/π, the value of a 0 is fixed by the maximum convergence time t f and parameter k which controls the convergence rate at the initial stage.
Step 2: This step aims to prove that ρ(t) is a positive and monotonic decreasing function.
Note that ρ(0) = ρ 0 > 0 and ρ(t f ) = ρ t f > 0. Iḟ ρ (t) < 0 is proved to be true for all t ∈ [0, t f ), the monotonic decreasing and positive properties of ρ (t) are satisfied.
Proof: Take the time derivative of (8) on t ∈ [0, t f ) and substitute a 0 , a 1 , a 2 , a 3 , and a 4 into iṫ
From the calculation, one has ka 4 > 0. Therefore, the problem is transformed into proving the function y < 0 on [0, t f )
Let c = t f k and x = t/t f and (11) can be rewritten as
Noting that the initial value y(0) = 2c/π − e c < 0 and y(1) = 0, the derivative of y(x) with respect to x is given bẏ
Take the second order derivatives of y (x) based oṅ y(0) = π/2 + ce c > 0 andẏ (1) = 0.
It is obvious thatÿ(x) < 0 so thatẏ(x) is a monotonic decreasing function. Sinceẏ(0) > 0 and y(1) = 0, we can conclude thatẏ(x) ≥ 0 within the domain of definition so that y(x) is also a monotonic decreasing function. Similarly, y(x) ≤ 0 since y(0) < 0 and y(1) = 0. In conclusion,ρ(t) < 0 for all 0 ≤ t ≤ t f (t = t f if and only ifρ(t) = 0). In other words, ρ(t) is a positive and monotonic decreasing function.
Therefore, (8) can be used as a performance function whose parameter is set according to (9) . From the above analysis, Step.2 demonstrates that both the parameters t f and k affect the convergence rate of the performance function (8) , and can be chosen without constraints between them. The performance function (8) possesses some important property: First, we can preset the maximum convergence time t f . Second, we can change the parameter k to adjust the convergence rate of performance function (8) given the steady-state convergence time.
Remark 1 : In order to describe the parameters t and k affect the convergence rate of the performance function (8) more intuitively, we can summarize that the larger the parameter k, the faster the convergence rate at the initial stage under the same performance requirement that the precision should reach ρ tf at the time t f . VOLUME 7, 2019
B. ERROR TRANSFORMATION
In this paper, an error transformation is adopted to transform the OBFN error system with the constrained system into an equivalent unconstrained one. Then, the prescribed performance control problem represented by (7) is solved. To this end, a smooth and monotonic increasing function S i (ε i ) is defined as follows:
where ε i ∈ (−∞, +∞) denotes the transformed error. The function S i (ε i ) has the following properties.
lim
Based on the function S i (ε i ), (7) can be equivalently expressed as
Due to the monotonic property, there exists an inverse function for S i (ε i )
If ε i is bounded, then (7) holds. In other words, the desired objective can be achieved subject to the constraints of performance function ρ i (t). At this point, the tracking control problem is transformed into a stabilization problem of a closed-loop system. Since S i (ε i ) is described in (15), it follows that
where z i = e i (t) /ρ i (t). Remark 2 : According to (18), δ i cannot be chosen to be equal to zero when e i (0) = 0. Otherwise, the initial value ε i (0) of the transformation error will go toward infinity.
Taking the time derivative ofε i yieldṡ
where r i = ∂S i /∂z i > 0 and ρ i (t) > 0, we know that r i is greater than zero. Furthermore, r i is bounded as long as e i (t) is kept within strict boundaries caused by (7) .
Take the second order derivative of ε i with respect to t.
whereη i ,η di , i = 1, 2, 3, 4, 5, 6 are second order derivatives of actual and desired trajectories, respectively. The error variable s ∈ R 6 can be expressed as
where ε = [ε 1 , ε 2 , ε 3 , ε 4 , ε 5 , ε 6 ] T and λ = diag[λ 1 , λ 2 , λ 3 , λ 4 , λ 5 , λ 6 ] > 0 are constant matrices to be designed. According to the dynamic model of OBFN in (4), we havė
It can be rewritten as 
Furthermore,
where
. If we design a controller u to make s bounded, then ε i andε are also bounded based on (21).
IV. THE DESIGN OF PRESCRIBED PERFORMANCE TRAJECTORY TRACKING CONTROLLER
In this section, we aim to design a control strategy for the error system (24) . Since the function D is unknown and is treated as a total uncertainty, an observer is designed to estimate it in real-time. To move on, the following assumption is needed.
Assumption 2 : The change rate of the system uncertainty D is bounded. In other word, Ḋ ≤ χ where χ is an unknown positive constant.
A disturbance observer is designed as [36] [37] [38] (25) whereD is the estimation of the total uncertainty D. z D is an auxiliary variable of the observer. P, K 1 , and L = K 1 R are gain matrices of the observer. Based on the above observer, a trajectory tracking controller is designed as
where K 2 is a control gain matrix. Theorem 1 : Consider the OBFN trajectory tracking error system (22) which is transformed into the error system (24) by error transformation (17) . Choose the controller (26) and observer (25) , provided that the gain matrices P, K 1 , and K 2 satisfy
where λ + max and λ min represent the maximum positive and minimum eigenvalues of the matrices. µ 1 is a positive constant, W = R −1 . Then the transformed error ε i is uniformly ultimately bounded, and tracking error e i satisfies the performance constraint (7) .
Proof: Since R is a symmetric positive definite matrix, and r i is bounded, a Lyapunov candidate function is selected as follow
where D e = D −D is the estimation error, and W = R −1 . Differentiating V 1 and substituting (24), controller (26) , and observer (25) into it, we can obtaiṅ
where β = 1 2 µ 1 χ 2 . If we select the appropriate gain matrices P, K 1 , and K 2 to satisfy (27), the error s and estimation error D e will be uniformly ultimately bounded, and converge to the sets
: D e ≤ β/α 2 (30) Moreover, transformed error ε i uniformly ultimately bounded, and converges to the set Finally, the performance constraint (7) is satisfied based on the properties of S i (ε i ). Further, the prescribed dynamic performance and steady-state response of the trajectory tracking error e i is achieved.
Remark 3 :
According to the definition of prescribed performance method and the proof of theorem 1, we give the guidelines on how to choose appropriate parameters and gains of performance function (8) , observer (25) , and control strategy (26) in practical applications as follows:
(1) The parameters ρ i0 , t if , ρ it f , and k i of performance function should be selected to satisfy practical mission requirements. Especially, ρ i0 needs meet the initial conditions of the trajectory tracking control system.
(2) The gain matrix K 1 of observer should be small enough to satisfy α 2 > 0 in (27) .
(3) A small observer gain matrix P and an appropriate controller gain matrix K 2 should be chosen to satisfy the condition α 1 > 0 in (27) .
The structure of the proposed prescribed performance trajectory tracking control system is illustrated in Fig.3 .
V. SIMULATION RESULTS
In this section, simulation results are provided to illustrate the effectiveness of the proposed prescribed performance control strategy applied to an OBFN model. It is convenient to assume that the surge motion is decoupled while the OBFN is symmetric. This reduces the number of parameters in the model. Therefore, we only need to provide partial hydrodynamic derivative information to calculate inertia matrix M , coriolis and centripetal matrix C v , and damping matrix D v of the OBFN. The hydrodynamic and inertia coefficients are shown in Tables 1 and 2 , respectively. The hydrodynamic coefficients include inertial hydrodynamic coefficients, viscous hydrodynamic coefficients, and added mass coefficients.
Spiral trajectory case is a common and representative case of the AUV, and it covers multiple degrees of motion freedom. Therefore, we choose a spiral line as the desired trajectory. The ocean current is produced by gravity, wind, frictional force, and density contrast of seawater. Thus it cannot be VOLUME 7, 2019 accurately described in simulations. Therefore, we should simplify the ocean current model, and then introduce it into our simulations. In this section, we assume that the direction of ocean current parallels the x-axis positive direction in the earth coordinate system, and the ocean current velocity is shown as follow:
We choose the 20% nominal values of the OBFN dynamic model as the modeling uncertainty.
Thruster configuration of the OBFN is adopted in the fullyactuated form, as shown in Fig. 4 .
We consider that the fault only occurs in the thruster T-1. The thruster configurations are the same in each direction. Two kinds of thruster faults for the thruster T-1 can be expressed as [20] For each degrees of motion freedom, the parameters of OBFN trajectory tracking controller can be designed as: (1) The steady-state tracking error is less than 0.01. (2) The maximum convergence time is not more than 20s. (3) System response has no overshoot. Therefore, we can determine the parameters of the performance function as shown in Table 3 .
The parameters of controller (26) and observer (25) are given in Table 4 .
To further demonstrate the effectiveness of the proposed prescribed performance control method, we introduce an adaptive neural network trajectory tracking control algorithm which is not based on the prescribed performance technique and is named as adaptive neural network controller (ANNC) [19] . Based on two kinds of thruster faults, the proposed disturbance-observer-based prescribed performance controller is named as OBPPC and its comparisons with ANNC method are shown as follows.
Case 1 Thruster abrupt fault case:
Based on the thruster fault (34), the simulation results are shown in Figs. 5-10. As we can see from Figs. 5-10, the proposed OBPPC can keep tracking error in the bound formed by performance function, and obtain the desired steady-state precision within the fixed time. However, the tracking error of the ANNC cannot satisfy the predefined precision. From above figures, one can obtain that there exist larger deviations in attitude tracking with the ANNC in the initial stage. The convergence time with the proposed controller is about 20s faster than that with ANNC. Meanwhile, ANNC method has a larger tracking error, which violates the predefined boundary, and the tracking error signals are nonsmooth. Additionally, we can find the obvious change of the state trajectories when the fault occurs at t = 30s in Fig. 11 . Based on the fault-tolerant control system, the obvious change of the state trajectories quickly return to normal state.
Case 2 Thruster incipient fault case :
Based on thruster fault (35) , the simulation results are provided, which are similar to those in case 1. Thus this section provides surge and yaw trajectory tracking errors which are relevant to the thruster T-1 fault.
As shown in Figs. 12 and 13, the simulation conclusions are similar to the case 1. The proposed OBPPC is still effective in thruster incipient fault case and achieves better control performances than ANNC. The transient performance of OBPPC is satisfactory compared with ANNC, for which the overshoot reaches the prescribed boundary. Finally, we can see that the state trajectories have no obvious change when the fault occurs in Fig. 14 . Because the thruster incipient fault is relatively stable, the fault-tolerant control system is able to compensate the influence of the thruster fault quickly.
VI. CONCLUSION
In this paper, a disturbance-observer-based prescribed performance fault-tolerant control method is proposed for trajectory tracking control of OBFN under the influence of modelling uncertainties, ocean current, and thruster faults. The proposed performance function is able to make the tracking errors not only achieve the desired steady precision, but also enforce the convergence time to satisfy the given index. Moreover, an observer is designed to compensate for the uncertainty of OBFN. The stability of the closed-loop trajectory tracking control system is analyzed based on Lyapunov theory. Simulations are carried out to illustrate the effectiveness of the proposed method under different types of thrust faults. How to extend the results of this paper to more general practical and academic application may be an interesting issue, such as thruster saturation, finite-time convergence. Another future work might be extending this current paper to multiple AUV systems. HUI CHEN is currently pursuing the M.S. degree in naval architecture and ocean engineering with Harbin Engineering University. His research interests include multiple AUV systems control and multiple Euler-Lagrange systems control. VOLUME 7, 2019 
